Unlike autocatalyzed self-splicing of group I or group H introns, the removal of pre-mRNA introns in vitro occurs in the spliceosome. The spliceosome is a multicomponent complex composed of pre-mRNA, small nuclear ribonucleoprotein particles, and protein factors. ATP is required for the assembly of the spliceosome and both transesterification reactions. An RNA-dependent ATPase, the product of the yeast PRP2 gene, has been shown to be involved in the first transesterification of pre-mRNA splicing but not in spliceosome assembly. By using ATP analogs, we show that hydrolysis of ATP, mediated through a PRP2-dependent step, is required for the first catalytic event of pre-mRNA splicing. Furthermore, by using a two-step purification procedure, we have isolated a PRP2-containing spiceosome within which the first transesterifcation readily occurs after the addition of ATP. No additional macromolecules were required. Our results suggest that PRP2 binds to the spliceosome, interacting with an unidentified RNA species in the spliceosome, hydrolyzing ATP and allowing splicing to proceed. We postulate that PRP2 may function to induce a conformational change within the spliceosome. Alternatively, PRP2 may be involved in a proofreading step prior to splicing.
additional macromolecules were required. Our results suggest that PRP2 binds to the spliceosome, interacting with an unidentified RNA species in the spliceosome, hydrolyzing ATP and allowing splicing to proceed. We postulate that PRP2 may function to induce a conformational change within the spliceosome. Alternatively, PRP2 may be involved in a proofreading step prior to splicing.
Introns are removed from RNA precursors by several distinct splicing mechanisms (1) . Many RNA precursors containing group I or group II introns self-splice in vitro by using transesterification mechanisms in the absence of ATP or other macromolecules (1, 2) . tRNA introns are removed by an endonuclease and a ligase that requires ATP as the source of energy and the phosphate group at the splice junction (3). Nuclear pre-mRNAs are recognized by small nuclear ribonucleoprotein particles (snRNPs) and non-snRNP protein factors to form a large particle called the spliceosome (4) . This complex is the site where two transesterification reactions take place (5) (6) (7) (8) . The first transesterification (reaction I) is a nucleophilic attack at the 5' splice junction by the 2'-OH of an internal adenosine (the branch site) located near the 3' splice site. This reaction produces a branched intronexon 2 molecule and a linear exon 1. The second transesterification (reaction II) takes place at the 3' splice junction to produce the ligated exons and a branched intron. Partially purified spliceosomes capable of carrying out these transesterification reactions in the presence of complementing extracts have been obtained by gradient sedimentation (9, 10) , gel filtration chromatography (11, 12) , or polyvinyl alcohol precipitation (13) .
ATP appears to be involved in several steps in the premRNA splicing process in vitro, including spliceosome assembly and the transesterification reactions (14) . A number of Saccharomyces cerevisiae proteins shown to be essential for pre-mRNA splicing contain sequence motifs found in RNA-dependent ATPases and RNA helicases (15) . These proteins are encoded by the yeast PRP genes (pre-mRNA processing), and mutations in these genes result in the accumulation in vivo of pre-mRNAs, intermediates, or introns (16) . Recently, two of the yeast PRP proteins, PRP16 (17) and PRP2 (18) , have been purified and shown to contain RNA-dependent ATPase activity. PRP2 is required for reaction I (10, 19) , whereas PRP16 is required for reaction II (17) . Immunological studies suggest that both proteins associate transiently with the spliceosome. PRP2 was found to associate with spliceosomes containing pre-mRNA or splicing intermediates (20) , whereas PRP16 is bound to the spliceosome containing the splicing intermediates in the absence of ATP (17) . However, it is not clear how these ATPases function in splicing or whether ATP hydrolysis is directly involved in the process.
We now provide evidence, using a temperature-sensitive prp2 mutant extract, purified PRP2 protein, and ATP analogs, that ATP hydrolysis is required for the initiation of the first transesterification in the assembled spliceosome. Furthermore, we isolated a PRP2-containing spliceosome within which reaction I occurred simply by the addition ofATP. Our results suggest that the splicing event will not proceed in the spliceosome until ATP is hydrolyzed by the spliceosomebound PRP2.
MATERIALS AND METHODS
In Vitro Splicing and Spliceosome Isolation. Preparation of extracts, actin pre-mRNA substrates, and the PRP2 protein (fraction B5, 30 ng/4d) has been described (18, 19) . The prp2A spliceosome, characterized by lack of associated PRP2, was assembled in heat-inactivated prp2 mutant extracts and isolated by glycerol gradient sedimentation (19) . PRP2-containing spliceosomes were prepared by a two-step procedure. After assembly of the prp2A spliceosome, ATP in the splicing reaction mixture either was removed by gel-filtration chromatography in a buffer containing 60 mM potassium phosphate (pH 7.4), 2.5 mM MgCl2, and 5% (wt/vol) glycerol (17) or was depleted by incubating with 10 mM glucose at 230C for 5 min (21) . The binding of PRP2 was then carried out by the addition of 0.3 1Ag of PRP2 to the above ATP-depleted mixture (100 1l) for 5 min at 230C or 0C. The molar ratio between the PRP2 protein and the prp2A spliceosome was -6:1 under these binding conditions. Following the binding step, gradient buffer lacking glycerol was added to a total volume of 200 A.l and subjected to glycerol gradient sedimentation (19) . The 32P-labeled pre-mRNAs present in the gradient-isolated spliceosomes were spliced in a 20- (10) . The PRP2 protein has been purified to apparent homogeneity and shown to be an RNA-dependent nucleoside triphosphatase (18) . Here, we show that by adding the purified PRP2 protein and ATP to the isolated prp2A spliceosome, the first transesterification (reaction I) occurred. Pre-mRNA was converted to branched intron-exon 2 and linear exon 1 (Fig. 1,  lane 4) . Thus PRP2 appears to be the only extrinsic macromolecule required for reaction I in the purified prp2A spliceosome. It cannot be ruled out, however, that additional extrinsic factors cosedimenting but not associated with the spliceosome may be present in the gradient fraction. ADP did not support the reaction (Fig. 1, lane 3) while CTP, GTP, UTP, and dATP could effectively substitute for ATP (data not shown) demonstrating that reaction I requires a nucleoside triphosphate (NTP) as a cofactor. The fact that ADP does not support the reaction indicates that the gradient fraction containing the spliceosome is largely free from the ATP regeneration activity present in splicing extracts. Therefore, PRP2 and the spliceosome most likely utilized these NTPs directly in reaction I without first converting them to ATP. These results and the observation that these NTPs are hydrolyzed by PRP2 protein in an RNA-dependent reaction (18) strongly suggest that the requirement for NTP in reaction I is mediated through a PRP2-dependent step.
We have shown previously that, in addition to PRP2, a factor called "bn" was also required for reaction I in the prp2A spliceosome isolated from a particular prp2-1 mutant, SS304 (10) . Although this in vitro property of SS304 is still reproducible, we found that the prp2A spliceosome isolated from several strains carrying different temperature-sensitive alleles of prp2, including the prp2-1 mutant (CRL2101) used in this study, can splice without the addition of bn (unpublished results). (Fig. 3A) , and the autoradiograms were quantitated by densitometry (Fig. 3B ). An appreciable amount of intronexon 2 was detected after 3 min of incubation with ATP and was detectable after 1 min. However, when using ATP[-S] in the reaction, the intron-exon 2 molecule was barely detectable after 6 min of incubation, and a significant amount was only observed after 9 min (Fig. 3) . As has been shown above (Fig. 2) (Fig. 1, lane 8 ; data not shown). However, the level of ATP contamination will not affect the conclusion that hydrolysis of ATP is required for reaction I. It is interesting to note that the substrate of the splicing reaction, in this case the spliceosome-bound pre-mRNA, is very low in amount compared with PRP2 and ATP. One would then expect, ifATP hydrolysis is the rate-limiting step, reaction I to be completed shortly after ATP hydrolysis has occurred. We estimated that, in the presence of poly(U), one PRP2 protein can hydrolyze one molecule of ATP in about 1 sec (Fig. 2B) . However, we noticed that the time needed to complete reaction I was relatively long; the time for halfcompletion of reaction I in the spliceosome was about 7 min when using 0.2 mM or 2 mM of ATP ( Fig. 3B ; data not shown). Thus, the long reaction time may suggest either that the rate of PRP2-catalyzed ATP hydrolysis in the spliceosome is slower than in the presence of poly(U) or that there is a rate-limiting step(s) after ATP hydrolysis. Furthermore, the initiation of reaction I may require multiple rounds of ATP hydrolysis. (20) . These observations suggest that PRP2 binds to the spliceosome prior to or concomitant with the onset of reaction I and then dissociates at a later step. Since PRP2 is the sole macromolecule required to be added to the spliceosome preparation for reaction I (see above), it should be possible to isolate a PRP2-bound spliceosome (PRP2-spliceosome) in which splicing will occur simply by the addition of ATP. Therefore, a two-step purification procedure (17) was modified to isolate the PRP2-spliceosome. After assembly of the prp2A spliceosome in mutant extracts, ATP was removed to prevent splicing from taking place during the binding of PRP2. The ATP-depleted reaction mixture was incubated with PRP2 (the binding step), and the PRP2-spliceosome was then isolated by gradient sedimentation (Fig. 4C) . When ATP was added to the gradient-isolated PRP2-spliceosome, reaction I occurred; additional macromolecules were not required for the reaction (Fig. 4A, lane 5) . However, when PRP2 was omitted during the binding step, both ATP and PRP2 were required to complement the spliceosome (Fig. 4A, lanes 1-3) . The binding of PRP2 to the prp2A spliceosome appeared to be very efficient because addition of extra PRP2 to the PRP2-spliceosome preparation did not significantly enhance the reaction (Fig. 4A , cf. lanes 3, 5, and 6). Thus, we conclude that PRP2 most likely executes its function (such as ATP hydrolysis) when bound to the spliceosome.
The PRP2 protein has a pI of 8.35 as predicted from its amino acid composition (24) and binds to poly(U)-agarose under medium salt conditions (18) . Therefore, it is possible that PRP2 may bind to the pre-mRNA and cosediment with the spliceosome. Such a binding may or may not be sequence specific. To test this possibility, a 10-fold excess amount of unlabeled pre-mRNA was added before (Fig. 4B, lanes 6 and  7) or after (lanes 4 and 5) the binding of PRP2 to the spliceosome. As shown in Fig. 4B , the amounts of intronexon 2 produced from the PRP2-spliceosome was similar in all cases, indicating that challenge with an excess amount of pre-mRNA did not affect the binding of PRP2. These results show that PRP2 does not bind to the spliceosome through nonspecific RNA-protein interaction. Thus, the binding of PRP2 may involve spliceosomal components other than, or in addition to, pre-mRNA.
A
To rule out the possibility that PRP2 simply "modified" the spliceosome during the binding step and did not remain associated with the spliceosome upon gradient isolation, we designed a transfer assay (instead of using coimmunoprecipitation methods). The idea is that, if PRP2 modifies the spliceosome during the binding step, only splicing in cis will be observed as seen in Fig. 4 . However, if PRP2 is physically present in the spliceosome and remains active after dissociation, it should complement a prp2A& spliceosome in trans.
Such a transfer assay has an advantage over immunoprecipitation assays since it directly detects splicing-competent protein as it dissociates from the spliceosome. Furthermore, the assay overcomes problems associated with immunoprecipitation such as epitope inaccessibility or antibody-induced dissociation of the protein from the complex.
To detect complementation by PRP2 in trans, the PRP2 spliceosome was assembled by using unlabeled pre-mRNA and was purified by the two-step procedure. On the other hand, the prp2A spliceosome for measuring reaction I was assembled with 32P-labeled pre-mRNA and purified by gradient sedimentation. The 32P-labeled pre-mRNA in the prp2A spliceosome was spliced by incubation with gradient fraction 6 or 8 containing the unlabeled PRP2-spliceosome (Fig. 5,  lanes 6 and 7) . Thus, PRP2 appeared transferrable from one spliceosome to another. From the data presented in Fig. 5 , it was clear that the transferrable PRP2 was present as spliceosome-bound (the activity copurified with the PRP2-spliceosome) rather than as free protein contaminating the spliceosomal fractions (cf. Fig. 5 and Fig. 4C) . Furthermore, the PRP2 protein present in the spliceosomal fractions could not be due to a nonspecific binding of PRP2 to large complexes-for example, ribosomes present in the extractsince no transfer activity was detected when pre-mRNA was omitted during the spliceosome assembly step (data not shown). Therefore, PRP2 protein was physically present in the PRP2-spliceosome and remained splicing-competent after dissociation from the complex. Although PRP2 by a transfer assay. The prp2A spliceosome containing 32P-labeled pre-mRNA was incubated in the presence (+) or absence (-) of ATP, PRP2, or a gradient fraction (numbered at the top of lanes). The gradient fractions were prepared by sedimenting a mixture (ATP was depleted by the addition of glucose) containing the PRP2-spliceosome assembled on unlabeled pre-mRNA. The spliceosome sedimented around fractions 6-8 (cf. Fig. 4C ). El and IVS-E2* are as in Fig. 1 .
transfer from one spliceosome to another (Fig. 5) (Fig. 5, cf. lanes 3 and 6) . This observation suggests that either only a small amount of PRP2 in the unlabeled spliceosome could be transferred or the concentration of the transferrable PRP2 was too low to give strong complementation. Furthermore, pre-mRNA in the labeled spliceosome was efficiently converted to spliced products when complemented with fractions near the top of the gradient (Fig. 5, lanes 12 and 13) . These data indicated that the prp2A spliceosome could undergo both reactions I and II if complemented with PRP2 and additional factors that were sedimented near the top of the gradient.
The PRP2-spliceosome isolated by the two-step procedure can be viewed as an autonomous spliceosome, since the first transesterification of pre-mRNA splicing can readily occur by simply adjusting the conditions to favor the reaction (addition of ATP and magnesium). A mammalian autonomous spliceosome capable of carrying out mainly reaction II has previously been prepared by incubating polyvinyl alcohol-precipitated spliceosomes with "late" splicing components from HeLa extracts (13) . Therefore, PRP2 may be the yeast counterpart of one of the "late" splicing components in mammalian cells. However, the autonomous spliceosome we have isolated does not carry out reaction II efficiently without the addition of other macromolecules (Figs. 4 and 5) , implying that some splicing factors (perhaps PRP16) might be missing from the isolated spliceosome. Since PRP16 is present in prp2 mutant extracts (complete splicing occurs when PRP2 is added to these extracts; ref. 18) , and since PRP2 and PRP16 share extensive protein sequence homology (24, 25) , there is an interesting possibility that the two proteins bind at a common site on the spliceosome. Perhaps PRP2 dissociates after reaction I and is replaced by PRP16 (Fig. 3) is much longer than the time needed for PRP2 to simply hydrolyze ATP (Fig. 2) , it is less likely that PRP2 will function as a recycler. Therefore, we postulate that PRP2 may function as a motor that causes conformational changes within the spliceosome or as a clock which is involved in a proofreading step prior to reaction I.
